Classical barium stars are binary systems which consist of a late-type giant enriched in carbon and slow neutron capture (s-process) elements and an evolved white dwarf (WD) that is invisible at optical wavelengths. The youngest observed barium stars are surrounded by planetary nebulae (PNe), ejected soon after the wind accretion of polluted material when the WD was in its preceeding asymptotic giant branch (AGB) phase. Such systems are rare but powerful laboratories for studying AGB nucleosynthesis as we can measure the chemical abundances of both the polluted star and the nebula ejected by the polluter. Here we present evidence for a barium star in the PN Hen 2-39 (PN G283.8−04.2) as one of only a few known systems. The polluted giant is very similar to that found in WeBo 1 (PN G135.6+01.0). It is a cool (T eff = 4250 ± 150 K) giant enhanced in carbon ([C/H]=0.42 ± 0.02 dex) and barium ([Ba/Fe]=1.50 ± 0.25 dex). A spectral type of C-R3 C 2 4 nominally places Hen 2-39 amongst the peculiar early R-type carbon stars, however the barium enhancement and likely binary status mean that it is more likely to be a barium star with similar properties, rather than a true member of this class. An AGB star model of initial mass 1.8 M ⊙ and a relatively large carbon pocket size can reproduce the observed abundances well, provided mass is transferred in a highly conservative way from the AGB star to the polluted star (e.g. wind Roche-lobe overflow). It also shows signs of chromospheric activity and photometric variability with a possible rotation period of ∼5.5 days likely induced by wind accretion. The nebula exhibits an apparent ring morphology in keeping with the other PNe around barium stars (WeBo 1 and A 70) and shows a high degree of ionization implying the presence of an invisible hot pre-WD companion that will require confirmation with UV observations. In contrast to A 70, the nebular chemical abundance pattern is consistent with non-Type I PNe, in keeping with the trend found from nebular s-process studies that non-Type I PNe are more likely to be s-process enhanced.
INTRODUCTION
Only a handful of central stars of planetary nebulae (CSPN) have been shown to be binaries in which the dominant component at optical wavelengths is a sub-giant or giant star enriched in carbon and slow neutron capture process (s-process) elements (Bond, Ciardullo & Meakes 1993; Thévenin & Jasniewicz 1997; Bond, Pollacco & Webbink 2003; Miszalski et al. 2012; Siegel et al. 2012) . These binary CSPN are the progenitors of barium stars whose standard formation scenario (Bidelman & Keenan 1951) involves the companion accreting a carbon and s-process enhanced wind (Boffin & Jorissen 1988 ) from the pre-WD progenitor when it experiences thermal pulses during its asymptotic giant branch (AGB) phase (Busso et al. 1999; Herwig 2005) . Those barium stars with the shortest orbital periods may also have experienced mass transfer via Roche-Lobe overflow (e.g. Han et al. 1995) or wind Roche-Lobe overflow (e.g. Mohamed & Podsiadlowski 2007 , 2011 Abate et al. 2013) . McClure, Fletcher & Nemec (1980) found all barium stars to have WD companions, however directly observing them is difficult against the glare of the typically luminous giant secondary even at ultraviolet (UV) wavelengths. Recent direct UV detections include the WD companions of mainsequence barium stars (Gray et al. 2011 ) and the evolved pre-WD components of barium CSPN (Miszalski et al. 2012; Siegel et al. 2012) . There is now no doubt that barium stars form via binary interactions, although the real challenge at present lies in reproducing the orbital parameters (period and eccentricity) using population synthesis models (e.g. Izzard et al. 2010) .
Most barium CSPN will have orbital periods of several hundred days or longer, in line with other barium stars (Jorissen et al. 1998 ), but none have yet been measured for the small sample known. An orbital period of 1.16 d was, however, measured in the post-common-envelope nucleus of PN G054.2−03.4 (The Necklace, Corradi et al. 2011) , notable for its unique carbon dwarf secondary (C/O>1; Miszalski, Boffin & Corradi 2013) . In this case the mass transfer process may have also produced an accretion disk from which the observed collimated outflows or jets were launched.
The short time spent during the PN phase (∼ 10 4 years) makes barium CSPN a potentially very powerful platform for studying AGB nucleosynthesis in that we simultaneously see both the polluted s-process rich cool star and the nebula ejected by the polluting star. In recent years nebular s-process abundance measurements have also become possible (e.g. Sterling & Dinerstein 2008) . When combined with traditional nebular abundance analysis, they too will allow for new insights into AGB nucleosynthesis models (Karakas & Lugaro 2010) . Sterling & Dinerstein (2008) and Karakas et al. (2009) found a tendency for Type I PNe (Peimbert & Torres-Peimbert 1983; Kingsburgh & Barlow 1994) , i.e. those PNe that show high N/O and He/H abundance ratios 1-RSA-009, the Very Large Telescope (VLT) at Paranal Observatory under programme 088.D-0750(A), the South African Astronomical Observatory (SAAO) 1.0-m and 1.9-m telescopes, and the New Technology Telescope (NTT) at La Silla Observatory under programme 090.D-0693(A). † E-mail: brent@saao.ac.za traditionally thought to originate from intermediate-mass AGB stars (M 2.5 M⊙, Kingsburgh & Barlow 1994) , to be less s-process enhanced than non-Type I PNe. Barium CSPN offer a complementary or even preferred platform for this work, with stellar abundance analysis of the cool star potentially providing both low and high s-process elements (e.g. Abia et al. 2002) and a direct measurement of the metallicity via [Fe/H] rather than potentially problematic nebular metallicity indicators (e.g. [O/H], see Karakas et al. 2009 ). It is therefore essential to find new examples of these rare objects to realise their unique capabilities.
As part of an ongoing campaign to study relatively faint CSPN with 8-10 m class telescopes we have continued with the strategy outlined in Miszalski et al. (2012) , namely to identify similar binaries by selecting for near-infrared (NIR) colours that suggest the presence of a cool star. One object that stood out in the J − H and H − Ks colour-colour space of the Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006 ) was the previously unstudied central star of Hen 2-39 (PN G283.8−04.2, Henize 1967) . The relatively bright central star (J = 13.47 mag) has NIR colours (J − H = 0.86 mag and H − Ks = 0.28 mag) that resemble an unreddened M-giant.
In this paper we report on observations of Hen 2-39 that reveal its barium star nucleus and its peculiar nebular morphology. Section 2 describes the observations taken of Hen 2-39. Sections 3 and 4 analyse the observations of the central star and the nebula, respectively. The distance to Hen 2-39 is discussed in Sect. 5.1, while Sect. 5.2 and 5.3 describe AGB models as a plausible explanation for Hen 2-39, followed by a discussion of the stellar and nebular chemical abundances in Sect. 5.4. We conclude in Sect. 6.
OBSERVATIONS

Spectroscopy
We obtained spectroscopic observations of Hen 2-39 with the Southern African Large Telescope (SALT; Buckley, Swart & Meiring 2006; O'Donoghue et al. 2006 ) under programmes 2011-3-RSA-029 and 2012-1-RSA-009. Table 1 outlines the observations made with the Robert Stobie Spectrograph (RSS; Burgh et al. 2003; Kobulnicky et al. 2003) where the position angle (PA) of the slit was always 0
• . Basic reductions were applied using the PySALT 1 package (Crawford et al. 2010) . Contemporaneous spectroscopic flat fields were taken with the first two RSS spectra and were incorporated in the PySALT reductions. Cosmic ray events were cleaned using the lacosmic package (van Dokkum 2001). Wavelength calibration of arc lamp exposures was performed using standard IRAF tasks identify, reidentify, fitcoords and transform by identfying the arc lines in each row and applying a geometric transformation to the data frames.
The extraction of one-dimensional spectra was complicated by the highly non-uniform stellar continuum and the variable spatial profile of nebular emission lines due to the apparent ring shape of the nebula (see Sect. 2.2). Two extractions were made from the first RSS spectrum taken with the PG2300 grating, one covering the whole nebula and central star, and the other only the central star, with both having sky background subtracted from outside the nebula. The weakness of the stellar continuum in this spectrum for λ 4300Å introduced minimal contamination into emission line intensities (see Sect. 4). For the spectrum taken with the PG900 grating, similar extractions were made as for the first PG2300 spectrum, except this time a scaled version of the stellar spectrum, with nebular lines interpolated over, was subtracted from the nebular spectrum. This produced a nebular spectrum with a uniform continuum from which to measure emission line intensities (see Sect. 4). This cleaned nebular spectrum was also rescaled and then subtracted from the CSPN spectrum to isolate the CSPN spectrum with only large subtraction residuals on the brightest lines (that were also interpolated over). For the second PG2300 spectrum only the CSPN was extracted with background sky subtraction and no nebular subtraction was made. The spatial centre of the nebular emission lines were fit for a reliable nebular radial velocity (RV) measurement with its contemporaneous thorium-argon arc lamp exposure (see later).
A spectrum of the spectrophotometric standard star LTT 4364 (Hamuy et al. 1994 ) was used to flux calibrate the spectra in the usual fashion (excluding the last SALT spectrum). Due to the moving pupil design of SALT only a relative (not absolute) spectrophotometric solution can be obtained. Analysis of emission line intensities provides an independent check of the relative flux calibration (Sect. 4). The resultant stellar and nebular spectra, discussed in the remainder of the paper, are depicted in Figures 1 and 2 , respectively.
Imaging
Narrow-band images were taken with the focal reducer and low-dispersion spectrograph (FORS2; Appenzeller et al. 1998) and were bias-subtracted and flat-fielded using the ESO FORS pipeline. Figure 3 presents a montage of the images that are discussed in Sect. 4.
Photometry
We monitored the central star of Figure 1 . SALT RSS spectra of the nucleus of Hen 2-39. The flux scale corresponds to V = 16.47 mag (see Sect. 3). No nebular emission was subtracted from the PG2300 spectra and no flux calibration was applied for the second PG2300 spectrum. The SAAO observing strategy was to take whenever possible a set of contiguous exposures each time Hen 2-39 was observed, including often a second or third set of contiguous exposures taken during the same night, to maximise sensitivity to a range of variability timescales. Some weak nebular detection surrounding the central star is seen, particularly in the SAAO data that experienced poorer seeing. In order to minimise its influence, we used a fixed aperture of 4.0 ′′ radius when extracting the differential photometry of the central star, relative to two non-variable field stars, using sextractor (Bertin & Arnouts 1996) . This follows the strategy for minimising the seeing-dependent nebular influence on the photometry outlined in and Miszalski et al. (2011) where the most effective aperture to use is roughly 1.5 times the poorest seeing of the observations (2.7 ′′ in this case). All the observations were reduced in the same manner and a few poorer quality frames were discarded. A total of 137 SAAO and 38 NTT measurements are included in the lightcurve with exposure times ranging from 20-60 s (NTT) to several minutes (SAAO).
THE CENTRAL STAR
Stellar properties
The SALT spectra in Fig. 1 reveal the central star to be a cool star dominated by molecular bands of CH, CN and C2 (e.g. Davis 1987) . Also prominent are Ba II λ4554.03 and λ6496.90 absorption lines, the latter of which we use to determine an enhanced abundance relative to the Solar abundance (see below), distinguishing the cool star as a barium star. Using the Barnbaum atlas of carbon stars (Barnbaum, Stone & Keenan 1996) , based on the revised MK classification of red carbon stars (Keenan 1993), we classify the star as C-R3 C24, with an uncertainty of one class in the spectral type. We discuss later in Sect. 5.1 the possible overlap between Hen 2-39 and early R-type carbon stars, an unusual subset of carbon stars. It closely resembles HD223392 in the Barnbaum atlas and WeBo 1 (Bond et al. 2003) . Weak Ca II K emission is detected, indicating some chromospheric activity may be present, but unfortunately the strong nebular [Ne III] λ3967 and H I λ3970 emission precluded any measurement of Ca II H emission (as seen in WeBo 1, Bond et al. 2003) . Similarly, we are unable to tell whether there is any chromospheric Hα emission as in A 70 (Miszalski et al. 2012; Tyndall et al. 2013) . At the bluest wavelengths in the first PG2300 spectrum, the stellar continuum is weak until ∼4200Å, as may be expected from the Bond & Neff (1969) effect which describes a flux depression near 4000Å in barium stars.
We analysed the low-resolution spectrum with the stellar spectral synthesis code of R. Gray, spectrum 2 version 2.76, with models from Castelli & Kurucz (2006) . The best fit parameters were determined to be T eff = 4250 ± 150 K and log g = 2.0 ± 0.5, nominally corresponding to a K3III spectral type. Siegel et al. (2012) determined similar values of T eff = 4750 K and log g = 2.0 for WeBo 1. A significant carbon enhancement of [C/H]=0.42±0.02 dex is required to fit the observed spectrum of Hen 2-39 (Fig. 4) . The iron abundance was found to be close to solar when compared to the observed spectra, while oxygen is also assumed to be solar since it is not well constrained from CO bands. To estimate the barium abundance we used the Ba II λ6496.90 line, since the low S/N of the Ba II 4554.03 and 6141.71 lines did not allow for a reliable analysis. (Kurtz & Mink 1998) , proving the physical association between the carbon star and the nebula (allowing for some small difference due to orbital motion). Furthermore, we find no evidence for Li I λ6707.83 in the second PG2300 spectrum (Fig. 6 ), consistent with many Galactic carbon stars being lithium poor (Abia et al. 1993) . Table 2 summarises the stellar properties and magnitudes of the observed nucleus of Hen 2-39. Tylenda et al. (1991) measured B and V magnitudes, while NIR magnitudes were measured by DENIS (Epchtein et al. 1999 ) and 2MASS (Skrutskie et al. 2006) . We can make use of the DE-NIS I-band magnitude to check the Tylenda et al. (1991) measurements. The design of SALT precludes measurement of magnitudes from the SALT spectra (see Sect. 2), and our wavelength coverage was too small to calculate a relative V − I colour. Instead, we used the synphot package developed by STScI 3 to measure an intrinsic V − I colour of (V − I)0 = 1.22 mag from our model atmosphere spectrum. This is in good agreement with (V − I)0 = 1.26 for a normal giant of the same T eff (Bessell 1979) . Starting with E(B − V ) = 0.37 derived from our nebular analysis (see Sect. 4) and the observed DENIS I-band magnitude, we calculated AV = 3.1 E(B − V ) = 1.13 mag and AI = 0.5 AV = 0.57 mag (Cardelli, Clayton & Mathis 1989) , allowing for the intrinsic I and V magnitudes to be calculated. This resulted in an observed V = 16.47 mag, in very good agreement with Tylenda et al. (1991) . Following a similar process we derive U = 20.69 mag, B = 18.38 mag, somewhat fainter than B = 17.9 mag from Tylenda et al. (1991) , and R = 15.52 mag. The difference between the B magnitudes might be construed as a contribution from the pre-WD companion, however this interpretation is not substantiated by the high error of 0.25-0.50 mag in the Tylenda et al. (1991) B magnitude (see also Sect. 4.3). High spatial resolution U and B observations may in the near future be able to detect any excess if the pre-WD contributes a small fraction to the total light of the central star.
Photometric Variability
The most likely origin for any periodic variation in a red giant star are short-lived spots at the surface of the star that move with the rotation period. We have therefore, as a first Skrutskie et al. (2006) approach, treated the two datasets (SAAO and NTT) separately and searched for any periodicities using version 1.2 of the period04 4 fourier analysis package (Lenz & Breger 2004) . The SAAO data have a zeropoint of −0.316 mag and an initial root-mean-square (RMS) dispersion of 0.0142 mag. The periodogram provides several periods whose associated sinusoidal amplitude is between 0.013-0.016 mag, and which decrease the RMS dispersion to 0.0096 mag. The S/N of these peaks are only about 3 and are therefore formally not significant. The frequencies that provide the best folded lightcurves are: 0.147856, 0.094985 and 0.183138 d −1 , as well as their 1 d aliases. Figure 7 shows the very broad peaks of the periodogram, meaning any exact value of the frequency is difficult to obtain.
It is reassuring that similar frequencies are obtained when looking at the periodogram from the NTT data alone. This data set has a zero point of 0.057 mag (different to the SAAO zeropoint because of different filters) and an initial RMS dispersion of 0.019 mag. When looking in particular around the above frequencies, we find that the 0.147876 and 0.182891 d −1 frequencies lead to the smallest residuals, around 0.0086 and 0.0089 mag, respectively. A decrease of more than a factor 2 in the residual is a significant result. Phase folding the NTT data with the 0.094985 frequency does not give any valid result, and we can therefore reject this frequency. We finally combined each data set in which we rescaled the SAAO and NTT data with the amplitude and phase found for the solutions of the two remaining frequencies before recalculating the periodogram. The result is that the 0.182891 d −1 frequency (corresponding to a period of 5.46 d) provides the best match and the most agreeable phase folded lightcurve (Fig. 8) . We are tentatively led to conclude that the rotation period of the star is around 5.5 days, even though we cannot formally reject any periods between 4.5 and 11 days.
The periodic lightcurve indicates that the apparent nucleus of Hen 2-39 is a fast rotating giant, consistent with the periods found for similar stars. These include 5.9 d for LoTr 5 (Jasniewicz et al. 1996; Strassmeier, Hubl & Rice 1997 ) and 4.7 d for WeBo 1 (Bond et al. 2003) . A rotation period of 6.4 d was determined for LoTr 1 Tyndall et al. 2013 ), however Tyndall et al. (2013) found LoTr 1 not to be a barium star due to an insufficient overabundance of barium. These stars are suspected to be spun-up during the wind accretion phase (e.g. Theuns, Boffin & Jorissen 1996; Jeffries & Stevens 1996; Montez et al. 2010 ).
4 THE NEBULA 4.1 Apparent morphology Figure 3 reveals Hen 2-39 to be a fragmented inner ring surrounded by several outer filaments. A detailed spatiokine- matic analysis will be needed to determine the intrinsic morphology of Hen 2-39, however its ring-like appearance does seem to fit the trend of ring nebulae surrounding barium CSPNe (Bond et al. 2003; Miszalski et al. 2012; Tyndall et al. 2013 ). Recent spatiokinematic modelling by Tyndall et al. (2013) has shown both WeBo 1 and A 70 to have a bipolar morphology viewed pole-on (e.g. Jones et al. 2012) . A bipolar shape was also determined for LoTr 5 (Graham et al. 2004) . The diameter of the inner nebula was measured from a contour of 10 per cent of the maximum intensity of the inner nebula to be 13. ′′ . The SW filament appears to be pinched, perhaps suggesting the presence of a bipolar envelope to Hen 2-39. Another alternative may be that the filaments represent a typical recombination halo (Corradi et al. 2003) . The brightest filaments of the halo lie 16.2 ′′ from the central star and the outermost edges of the SW filament 24.9 ′′ .
Nebular plasma parameters and abundances
Emission line fluxes were measured from the flux calibrated SALT spectra covering λ3682-4767Å (PG2300) and 4330-7404Å (PG900) using the iraf task splot. The brightest line in the overlap region, He II λ4686, was used to match the two sets of line fluxes together. This resulted in an agreement of better than 0.5 per cent of Hβ between line fluxes in the overlap region. Table 4 contains the composite nebular spectrum of Hen 2-39. Since the [O III] λ5007 line was slightly saturated, we exclude it from our subsequent analysis. The nebular CIII and NIII emission lines could not be reliably measured because of their faintness and small spatial extent that means they were more affected by the non-uniform stellar continuum. The line fluxes in Tab. 4 were analysed with the plasma diagnostics program hoppla Köppen et al. 1991; Girard et al. 2007 ) in a similar fashion to Miszalski et al. (2012) . It first determines the extinction constant, using the reddening law of Howarth (1983) , as well as the electron temperature and density in a consistent way. Several diagnostic line ratios sensitive to electron den- . We adopt a value of 787 cm −3 as the average of the intensity-weighted logarithmic individual densities. The density may also be measured using the ratio [Ar IV] 4711/4740, that we calculated to be 1.29 (after subtracting the He I λ4713.2 intensity of 0.3 per cent of Hβ from the intensity of λ4711), corresponding to a density of 490 cm −3 . As this is in the rel- atively flat part near the low density limit, it would also be in acceptable agreement with our adopted value. The [Cl III] line ratio is at its low-density limit, but these lines are very faint at <1 per cent of Hβ. Thus, all four density indicators give consistent values. Using the electron density and the temperatures for low, middle, and high ionic species (given in Tab. 6), ionic abundances were derived from the lines listed in Tab. 5 and weighted with the emissivity of individual lines. Elemental abundances are then obtained by summing over the ionic abundances and correcting for unobserved stage of ionization (see Miszalski et al. 2012 for details). The resulting abundances are listed in Tab. 6, together with the abundances for Abell 70 (Miszalski et al. 2012) , average abundances for Type I and non-Type I PNe (Kingsburgh & Barlow 1994) and Solar abundances (Asplund et al. 2009 ) for comparison.
The derived abundances of Hen 2-39 reflect a composition close to Solar that is consistent with other non-Type I PNe. While the oxygen and neon abundances are slightly above Solar by 0.11 and 0.26 dex, respectively, their values may be affected by other processes (Karakas et al. 2009 ). The argon abundance is only marginally sub-Solar by 0.03 dex, and since argon is not expected to change during AGB nucleosynthesis (Karakas et al. 2009 ), it is a better tracer of the metallicity. We therefore conclude that the metallicity is Solar in Hen 2-39, in agreement with our model atmosphere analysis (Sect. 3.1). The N/O ratio is slightly higher than in the Sun at −0.45 dex and close to the average nonType I PN. It is far too low for Hen 2-39 to be considered a Type I PN whose composition is defined by larger the average PN, and they agree very well with the average values of Ne/O = −0.67, S/O = −1.55, and Ar/O = −2.25 found in HII regions of spiral and irregular galaxies (Henry & Worthey 1999) . Since these elements are not expected to be affected by the nucleosynthesis in the progenitor star, their ratios reflect the enrichment of the interstellar medium as determined by the nucleosynthesis in massive stars. Considering the extremely weak lines and the uncertainties of the ionization correction, chlorine is also considered Solar. The carbon abundance derived from the recombination line is 0.79 dex higher than in the Sun. This reflects the well-known effect that recombination lines yield systematically higher abundances than collisionally excited lines (e.g. Liu et al. 2006) . If one wanted to match the Solar C/O ratio, and ignoring any ionization factors, one would need an enhancement factor of 5, which is not unreasonably high. UV spectroscopy is required to better constrain the nebular carbon abundance.
Estimated pre-WD companion properties
The evidence presented in 3.1 is alone sufficient to classify the central star of Hen 2-39 as a barium star. It is worth restating that historically the classification is based only on the properties of the s-process enhanced red giant (Bidelman & Keeenan 1951) , long before it was proven that these stars are binaries with WD companions (e.g. McClure et al. 1990 ). Since the pre-WD components of A 70 (Miszalski et al. 2012) and WeBo 1 (Siegel et al. 2012) were detected in the UV, we would therefore also expect a hot pre-WD companion to the observed central star in Hen 2-39 to be present. Unfortunately, we cannot prove our suspicion at this time as no space-based UV observations are yet available of Hen 2-39 at its low Galactic latitude of b = −4.2
• . Indirect evidence of a pre-WD is, however, present in the form of a highly ionized nebular emission line spectrum. The spectrum shows He II λ4686/Hβ = 0.69 (Sect. 4) and sufficient emission from low ionization species ([O II] , [N II] and [S II]) to suggest the nebula is optically thick. We can therefore estimate an Ambartsumyan or cross-over temperature for the ionising source using the method described in Kaler & Jacoby (1989) . Using their Eqn. 1 we find T (cross) ∼ 225 kK, consistent with an evolved pre-WD companion to the observed barium star. We can also estimate the observed visual magnitude of the pre-WD with Eqns. 2 and 3 of Kaler & Jacoby (1989) , the logarithmic extinction at Hβ (Sect. 4) and the integrated Hβ flux (Acker et al. 1992) , to yield V ∼ 22.5 mag. We emphasise that these estimates are very uncertain. An improved estimate of these values was obtained as part of our hoppla analysis of the nebular spectrum, from which we find 195 kK for the Ambartsumyan temperature and L = 230 L⊙ for the pre-WD luminosity, assuming the Acker et al. (1992) Hβ flux and a distance of 5.7 kpc (Sect. 5.1).
DISCUSSION
Distance and carbon star classification
We estimated the distance to Hen 2-39 using the statistical Shklovsky distance scale of Stanghellini, Shaw & Villaver (2008) . This distance scale uses Magellanic Cloud PNe as calibrators to improve the Cahn, Kaler & Stanghellini (1992) distance scale. An equivalent to the 5 Ghz radio flux was derived using the Acker et al. (1992) Hβ flux [log F (Hβ) = −12.4 dex] and c(Hβ)=0.53 in Eqn. 6 of Cahn et al. (1992) . With the nebular radius of 6.55 ′′ this gives a τ value of 4.56 and hence to a distance estimate of 5.7 kpc using Eqns. 1, 2 and 3b of Stanghellini et al. (2008) . At this distance the absolute magnitudes of the nucleus are MV = +1.55 and MK = −1.57 mag. This is similar to MV = +1.30 mag estimated for WeBo 1 based on the Cahn et al. (1992) distance scale (Bond et al. 2003 ). An additional comparison can be made using stars of similar spectral type to our R3 classification (Barnbaum et al. 1996) , which nominally places Hen 2-39 amongst the peculiar group of early R-type stars (e.g. Dominy 1984; Wallerstein & Knapp 1998; Zamora et al. 2009 ). Knapp, Pourbaix & Jorissen (2001) used Hipparcos parallaxes to determine the absolute magnitudes to several early R-type stars. The authors found an average of MV = 0.81 ± 1.03 for the R3 class and many stars show similar MV and MK values to Hen 2-39 (e.g. HIP 19269 with MV = 1.82 and MK = −1.83). The latter similarity gives us some assurance in the otherwise very uncertain distance estimate to Hen 2-39. Table 7 shows several other properties that are in common with early R-type carbon stars. This raises the interesting question whether Hen 2-39 could be considered an early R-type carbon star. This class is peculiar because of the lack of evidence for binary mass transfer (McClure 1997) and sprocess enhancement (Dominy 1984; Zamora et al. 2009 ). This has led some authors to suggest a binary merger scenario to explain the class (e.g. shows s-process enhancement and is most likely a binary system since a hot pre-WD should be present to ionise the nebula. This means Hen 2-39 most probably hosts a barium star nucleus instead of a canonical early R-type carbon star. Nevertheless, further study of Hen 2-39 may provide new insights into the difficult and unresolved problem surrounding the formation of early R-type carbon stars.
Assuming an expansion velocity of 20 km s −1 the kinematic ages at 5.7 kpc for the inner nebula and outer halo are ∼9000 yrs and ∼17000 yrs, respectively, with corresponding intrinsic radii of 0.18 and 0.34 pc. This configuration may be similar to the double shell found in LoTr1 (Tyndall et al. 2013 ). The 5.7 kpc distance also allows us to estimate the stellar radius of the nucleus. Assuming a bolometric correction of −0.8 mag for a K1 giant (Kaler 2011) , combined with our derived T eff = 4250 ± 150 K, we find a radius of R ∼ 12 R⊙. This corresponds to a rotation velocity of 111 km s −1 for our preferred rotation period of 5.46 d, out of a maximum 218 km s −1 (assuming M = 1.5 M⊙, a typical value for barium stars, Jorissen et al. 1998) . If as the nebula suggests the inclination to the line of sight is low, e.g. i = 10
• , we have v sin i = 19 km s −1 , explaining why we don't see broadened lines in our spectra.
AGB star models
Heavy-element abundance predictions from low-mass AGB star models of 1.8 M⊙, Z = 0.01 and 3.0 M⊙, Z = 0.01, were compared to the observations of Hen 2-39. We note that stellar evolutionary sequences of low metallicity AGB stars show deeper third dredge-up (TDU, e.g. Karakas et al. 2002) , which leads to stronger carbon and s-process enrichment. Furthermore, s-process calculations of AGB stars also show a strong dependence on the initial metallicity (e.g. Busso et al. 2001) . Nevertheless, the metallicity of these models ([Fe/H]∼−0.15) is, within the errors of the nebular abundances (at least 0.1 dex for oxygen and worse for other elements), suitable for the Solar metallicity of Hen 2-39. Compared to Hen 2-39, the models have an argon abundance lower by 0.07 dex and oxygen abundances lower by 0.18-0.22 dex. The model masses selected are representative of the expected progenitor range that is poorly constrained by the non-Type I nebular abundances of Hen 2-39 (Sect. 4.2). The 3.0 M⊙ model does not experience any hot bottom burning and produces a final composition consistent with non-Type I PNe. Most PNe likely originate from relatively low-mass progenitors as we use here with final core masses of ∼0.6 M⊙ (e.g. Ferrario et al. 2005; Catalán et al. 2008) .
The 1.8 M⊙, Z = 0.01 model was previously described in Karakas, Campbell & Stancliffe (2010) , where we use the model with the most efficient convective overshoot (the Nov = 3 case). The 3.0 M⊙, Z = 0.01 model is calculated using the same code and input physics, with the exception that no convective overshoot was used on the AGB as the model experienced deep TDU (see Shingles & Karakas 2013 ).
For each model, we feed the evolutionary sequences into a post-processing nucleosynthesis code and calculate the abundances throughout each model star, as a function of time, for elements from hydrogen through to bismuth. We use the same code and nuclear network as described in Lugaro et al. (2012) , and include a partially mixed zone of protons in exactly the same manner. The partially mixed region of protons is required for the formation of a 13 C pocket, which is responsible for releasing neutrons in the He-intershell via the 13 C(α, n) 16 O reaction (see e.g. Gallino et al. 1998; Goriely et al. 2000; Busso et al. 2001; Kamath et al. 2012; Lugaro et al. 2012) . The mass of the proton profile is a free parameter which we set as a constant mass. We experimented with different sizes for the partially mixed zone from Mmix = 1, 2, 6 × 10 −3 M⊙ in the 1.8 M⊙ model and Mmix = 1, 2 × 10 −3 M⊙ in the 3.0 M⊙ case. A mass of Mmix = 2×10 −3 M⊙ results in a 13 C pocket that is ≈ 1/10 th of the mass of the He-intershell in low-mass AGB models. Initial abundances for the post-processing calculations are from Asplund et al. (2009) , where we scale the Solar abundances to a global metallicity of Z = 0.01 for both models. While the mass of the 13 C pocket is highly uncertain and one of the biggest modelling uncertainties for the sprocess, the mass can be constrained using observations of carbon enhanced metal-poor stars (Izzard et al. 2009; Bisterzo et al. 2012; Lugaro et al 2012) , the number ratio of barium stars relative to G and K giants (e.g. Izzard et al. 2010) , planetary nebulae (Shingles & Karakas 2013) , and post-AGB stars (e.g. Bonačić Marinović et al. 2007a; De Smedt et al. 2012) . For example, Bonačić Marinović et al. (2007b) were able to constrain the mass of the 13 C pocket within a factor of 2 using population synthesis models of the low-metallicity Large Magellanic Cloud post-AGB star MACHO 47.2496.8. The 1.8 M⊙ model experienced 13 thermal pulses (TPs), had a final core mass of 0.585 M⊙ and a radius of 603 R⊙. The 3.0 M⊙ model in comparison had 22 TPs, a final core mass of 0.68 M⊙ and a radius of 690 R⊙. The number of TPs and the efficiency of the TDU help determine how much material is mixed into the convective envelope during the AGB phase. The 3.0 M⊙ model dredged up 0.10 M⊙ of material in comparison to the 1.8 M⊙ which mixed up 0.041 M⊙, an increase of about a factor of 2.5 as a consequence of experiencing more TPs. The duration of the thermally pulsing AGB is 1.5 Myr for the 3.0 M⊙ model, shorter than the 1.8 M⊙ model which has a TP-AGB lifetime of 1.8 Myr.
In both cases the TP-AGB lifetime is only a small fraction of the total AGB lifetime (14.8 Myr and 10.0 Myr for 1.8 and 3.0 M⊙ models, respectively).
AGB model results and comparison with
Hen 2-39
Most of the mass is ejected in the last couple of TPs, namely, 0.49 M⊙ and 1.8 M⊙ for the 1.8 and 3.0 M⊙ models, respectively. Therefore, to produce the high level of C and Ba pollution observed in Hen 2-39, we would most likely expect that the star has reached this last TP. Table 8 gives the initial and final abundances for carbon and barium in the AGB models. It is evident that the 3.0 M⊙ model produces similar amounts of carbon and less barium than the 1.8 M⊙ model. While the 3.0 M⊙ model dredges up more material from the He-intershell over the AGB lifetime, it is diluted into a much larger envelope. This means that the final [Ba/Fe] ratio is lower than or similar to that in the 1.8 M⊙ model. To explain the large enrichment seen in Hen 2-39, one needs the largest contamination. Thus the 1.8 M⊙ models are preferred. In these models the larger the carbon pocket mass, the larger the s-process production, so the larger pocket mass is also preferred (6 × 10 −3 M⊙). So can we explain the Hen 2-39 pollution by such models and realistic mass transfer? The pollution level in Hen 2-39 is [C/H]=0.42, and [Ba/Fe]=1.5. To achieve this level of enrichment we require [C/H] 2.6 times higher than in the original (Solar) material of the star, and a [Ba/Fe] enrichment of a factor 30. Initially, we have a red giant with Solar composition and envelope mass M2,env which accretes ∆M2 from its AGB companion. The latter is enriched in carbon over Solar abundance by a factor f1,C and in barium by a factor f1,Ba. This material is then diluted into the red giant envelope whose final mass is M2,env + ∆M2 and the final overabundance is f2,C = 2.6 and f2,Ba = 30. This gives f2,X(M2,env + ∆M2) = M2,env + ∆M2f1,X, which can be rearranged as
where X is C or Ba and α is the amount of enrichment of X required. Taking the 1.8 M⊙ model, where at the final TP carbon is increased by 0.77 dex, i.e. f1,C = 5.89, we would therefore need to have α = ∆M2/M2,env = 0.48. In order to reproduce the observed value of f2,Ba = 30, such a value of α would then impose f1,Ba ∼90. This is easily reproduced by the final amount of barium produced by the 1.8 M⊙ model with a pocket size of 6 × 10 −3 M⊙. If we were to take the 3.0 M⊙ model with a pocket size of 2.0 × 10 −3 M⊙ instead, its identical level of carbon enrichment implies the same value of α as the 1.8 M⊙ model. Therefore, to reproduce the observed f2,Ba = 30 we would also require f1,Ba ∼90, however the 3.0 M⊙ model only produces about half this amount. This significant difference demonstrates that reproducing Hen 2-39 would be more straightforward with lower mass AGB models.
We have made experiments following binary systems of various masses using the Binary Star Evolution code (Hurley, Tout & Pols 2002) . If the AGB star mass is assumed to be in the 1.8-2.0 M⊙ range, then we conclude that the present red giant must have had an initial mass which is smaller by about 20% that of the initial mass of the AGB star, after having accreted some material from its companion, in order for it to currently be a red giant. So we assume M2,0 = 1.45 M⊙. Such a star has a convective envelope of about 1.0 M⊙, so this means that it must have accreted α times 1.0 M⊙ = 0.48 M⊙ from the AGB during the last phase. This is an upper limit, as the AGB star lost smaller amounts of mass prior to the last TP that were also enriched to a lesser degree in C and s-process elements, and the giant was thus already partially contaminated. As the AGB star lost 0.49 M⊙ during the last TP according to the model, it is thus possible for the giant to have accreted 0.48 M⊙, provided the mass transfer was quasi-conservative. Such a quasi-conservative mass transfer could be the result of stable RLOF if the primary fills its Roche lobe just at the tip of the AGB phase and during the last TP, such that all the remaining mass of the AGB star is transferred onto the companion. Alternatively, in the case where no formal RLOF happened, wind RLOF, which is also thought to be quasi-conservative, could be sufficient (Mohamed & Podsiadlowski 2007 , 2011 . Further detailed simulations are required to address the full history of this interesting system. The 1.8 M⊙ model or one similar to it with a large pocket size is therefore a reasonable explanation for the progenitor of the pre-WD component likely present in Hen 2-39.
Although we have shown above that a 3.0 M⊙ AGB star would have more difficulty to reproduce the level of barium enhancement observed in Hen 2-39, we have also looked at the mass transfer expected from such a massive AGB star. Here, again, we would need to have an accreting companion with a final mass close to 3.0 M⊙ to be now seen as a red giant while the former AGB star is going through the PN phase. The limit seems to be M2 = 2.85 M⊙, which we adopt in the following. This mass is the result of accreting ∆M2 to an existing M2,0 star, where as shown above, we need ∆M2 = αM2,env. As the mass of the envelope of the accretor can be assumed to be, roughly, M2,env ∼ M2,0 −0.4, we are thus led to M2,0 + α(M2,0 − 0.4) = 2.85, or M2,0 ∼ 2.05 M⊙. The companion has then accreted about 0.8 M⊙ of the material produced by the AGB star during the last TP. As a 3.0 M⊙ AGB star looses 0.9 M⊙ during this last TP -and will still loose as much material before finishing up as a WD -there is again, in principle, plenty of material to accrete from to explain the final pollution.
The level of pollution experienced by the AGB star in Hen 2-39 is consistent with the abundances observed in the polluted giant companion, although we do not claim this is a unique or final solution. A detailed study of the evolution of the binary system, whose orbital period and mass function is currently unknown, is beyond the scope of this paper.
Combining nebular and stellar abundances
The abundance analysis results for Hen 2-39 may be compared to those obtained in a similar fashion for A 70 (Miszalski et al. 2012 ). There are no published nebular abundances for other PNe with barium CSPNe, a difficult task given their low nebular surface brightnesses. Despite the very small sample of two, we can see where each fits in the nebular s-process studies of Sterling & Dinerstein (2008) and Karakas et al. (2009) . The [Ba/Fe] estimates for the Type-I PN A 70 of ∼0.5 dex and the non-Type I PN Hen 2-39 of 1.50±0.25 dex are consistent with the trend found in these studies, namely that Type-I PNe are s-process poor. An additional object that could be considered, but does not seem to fit the trend, is Me 1-1 which appears to be a nonType I bipolar PN (Shen, Liu & Danziger 2004 ) with a K1-2 bright giant that is not s-process enhanced ([Ba/Fe]=0.0 dex, Pereira et al. 2008) .
With a larger sample it may be possible to meaningfully address the enigma surrounding Type-I PNe. While it may be that some Type-I PNe are be formed from single intermediate mass AGB stars, stars with M 4.5 M⊙ required for hot bottom burning at Solar metallicities (Karakas 2010 ) are short-lived and rare according to the initial mass function. Some may be formed via rapidly rotating stars of ∼2.5-3.0 M⊙ (e.g. Lagarde et al. 2012) , in which case their tendency for low s-process enhancement may be explained by rotation suppressing the s-process (Herwig et al. 2003) . This may help explain the Type-I abundances of A 70 at the large height of ∼2 kpc below the Galactic disk (Miszalski et al. 2012) . Binary stellar evolution provides one pathway to inducing rapid rotation via accretion, as observed in barium CSPNe, but there may be many other possibilities in binaries given the large parameter space of binary evolution.
Without UV spectroscopy we are limited to a nebular carbon abundance that is enhanced 0.79 dex relative to Solar. Further UV observations are therefore needed to say whether the stellar [C/H]=0.42±0.02 dex enhancement matches that seen in the nebula.
CONCLUSIONS
We have presented evidence that reveal a barium central star binary in Hen 2-39, only the fourth known bona-fide case of a barium star surrounded by a PN. Our main conclusions are as follows:
• The observed nucleus of Hen 2-39 is a V = 16.5 mag red giant with a cool atmosphere T eff = 4250 ± 150 K with enhanced carbon ([C/H]=0.42 ± 0.02 dex) and the s-process element barium ([Ba/Fe]=1.50 ± 0.25 dex). A spectral class of C-R3 C24 was determined according to the Barnbaum et al. (1996) carbon star atlas and no lithium λ6707.83 was detected. As observed in other barium CSPNe, low-amplitude photometric variability with a possible period of 5.46 d was detected, most likely due to a fast rotation period caused by spin-up after mass accretion. This is also supported by the detection of weak chromospheric Ca II K emission.
• An AGB star model with an initial mass of 1.8 M⊙ and a relatively large carbon pocket size of 6 × 10 −3 M⊙ produced sufficient amounts of carbon and barium that could plausibly produce the observed properties of Hen 2-39. The larger mass 3.0 M⊙ model may also work, however this may be easily hampered by the greater degree of dilution of sprocess material into the larger stellar envelope. Nevertheless, a lower mass AGB star offers a more straightforward solution to the problem. More detailed modelling is certainly warranted when the critical parameters of orbital period and mass function are measured.
• The nucleus shares many properties with early R-type carbon stars, whose origin is poorly understood and may involve a binary merger, the s-process enhancement and highly probable binary nature of Hen 2-39 suggest it may just be a barium star overlapping the parameter space of these peculiar stars.
• The nebula shows an apparent ring-like morphology as also seen in the other PNe with barium CSPNe, WeBo 1 and A 70. A distance estimate of 5.7 kpc was made based on the nebular properties. At this distance the T eff ∼ 195 kK pre-WD ionizing source of the nebula has an estimated luminosity of L = 230 L⊙. Future UV observations are expected to reveal this component as already proven for A 70 (Miszalski et al. 2012) and WeBo 1 (Siegel et al. 2012 ).
• The nebular abundance pattern of Hen 2-39 is close to that of the Sun and the average non-Type I PN. While Hen 2-39 is not a Type-I PN but is s-process rich, A 70 is a Type-I PN but less s-process rich). This seems to support the tendency for Type-I PNe to show lower s-process abundances (Karakas et al. 2009 ).
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